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Objective: Postoperative resting-state functional magnetic resonance imaging (MRI) in children with intractable epi-
lepsy has not been quantified in relation to seizure outcome. Therefore, its value as a biomarker for epileptogenic
pathology is not well understood.
Methods: In a sample of children with intractable epilepsy who underwent prospective resting-state seizure onset zone
(SOZ)-targeted epilepsy surgery, postoperative resting-state functional MRI (rs-fMRI) was performed 6 to 12 months
later. Graded normalization of the postoperative resting-state SOZ was compared to seizure outcomes, patient, sur-
gery, and anatomical MRI characteristics.
Results: A total of 64 cases were evaluated. Network-targeted surgery, followed by postoperative rs-fMRI normaliza-
tion was significantly (p < 0.001) correlated with seizure reduction, with a Spearman rank correlation coefficient of 0.83.
Of 39 cases with postoperative rs-fMRI SOZ normalization, 38 (97%) became completely seizure free. In contrast, of
the 25 cases without complete rs-fMRI SOZ normalization, only 3 (5%) became seizure free. The accuracy of rs-fMRI as
a biomarker predicting seizure freedom is 94%, with 96% sensitivity and 93% specificity.
Interpretation: Among seizure localization techniques in pediatric epilepsy, network-targeted surgery, followed by
postoperative rs-fMRI normalization, has high correlation with seizure freedom. This study shows that rs-fMRI SOZ can
be used as a biomarker of the epileptogenic zone, and postoperative rs-fMRI normalization is a biomarker for SOZ
quiescence.
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The incidence of epilepsy is 30 to 50 cases per 100,000in first-world countries, and double in low-income
countries.1 Nearly 25% of epilepsy cases are drug resis-
tant.2 Surgery is the only curative option,3–5 but good
outcomes depend on accurate localization of the seizure
onset zone (SOZ).6 Despite technological advancements,
the cure rate is 50 to 80%, depending primarily on etiol-
ogy.7 Thus, improved localization is needed.
Our team first quantitatively described resting-state
functional magnetic resonance imaging (rs-fMRI)
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localizing epileptogenic or SOZs in the broad pediatric
intractable epilepsy population, and showed high correla-
tion with seizure outcome.8 In this study, we demonstrated
that 75% of Engel I seizure outcomes at 2-year follow-up
were achieved in those with rs-fMRI SOZ–targeted destruc-
tion. In other studies, preoperative rs-fMRI SOZ localization
correlated with stereo-electroencephalography and surgical
outcomes.9–13
Despite these advancements, little is known about
how surgery modifies the altered neuronal network pat-
terns and if those changes relate to seizure outcome or
brain function.13–16 Resolution of connectivity abnormali-
ties, in conjunction with seizure freedom, may inform
safety in discontinuation of antiseizure medication, liberal-
ization of patient activities and plans, whether or not to
surgically pursue anomalous or ambiguous behaviors, or
potentiation of long-term improvement in developmental
and neuropsychiatric disorders.
Resolution of preoperative connectivity abnormali-
ties in seizure-free children are described in case reports
only.13,14 For adults, limited cohort studies evaluated the
differences between pre- and postoperative rs-fMRI in
relation to seizure outcome and have mixed results. The
first study evaluated mesial temporal sclerosis and showed
postoperative connectivity correlated with seizure free-
dom.15 In contrast, another study showed no change in
connectivity postoperatively. These authors hypothesized
that the connectivity abnormalities in adults were “burned
in” by the time surgery occurred.16
Three important factors may have contributed to these
mixed results. First, the initial surgical target of these post-
operative studies was the anatomical SOZ, rather than a dys-
functional network as defined by rs-fMRI SOZ. Epilepsy is
a network disease,17 and although anatomical abnormalities
visible on magnetic resonance imaging (MRI) may be the
location of a true SOZ, it may not show the entire network
requiring destruction to achieve seizure freedom. If the rs-
fMRI SOZ is the true region requiring destruction, then
connectivity abnormalities should resolve postoperatively.
Second, it cannot be determined by these prior studies if
the reported connectivity abnormalities were the rs-fMRI
SOZ or resulted from downstream connectivity disruption,
remote from the SOZ. It may be relevant to differentiate
between the 2 types of connectivity abnormalities in epi-
lepsy. The crucial factor in seizure freedom may be the reso-
lution and disconnection of the rs-fMRI SOZ rather than
the downstream effects, which may take longer to resolve.
Lastly, age of onset and years of intractable epilepsy may
contribute to the capacity for postoperative plasticity.
To address these questions, rs-fMRI SOZ was pro-
spectively incorporated into presurgical planning for epilep-
tic pediatric patients. Surgery type, location, pre- and
postoperative connectivity changes, as well as patient factors
with potential influence on resolution of connectivity
abnormalities, were compared with seizure outcomes.
Patients and Methods
The local institutional review board granted prior approval
for this hybrid prospective–retrospective study. rs-fMRI has
been integrated into standard clinical practice at Phoenix
Children’s Hospital and Texas Children’s Hospital for epi-
lepsy surgery evaluation and postoperative management;
therefore, no additional consent was deemed necessary for
the imaging itself. Each patient’s family and care team were
made aware of the procedure and results in the workflow of
patient care and multidisciplinary case conference discussion.
Study subjects included pediatric surgical epilepsy
patients who received rs-fMRI as part of the preoperative
evaluation and then underwent rs-fMRI SOZ–targeted
surgery and postoperative rs-fMRI within 6 to 12 months.
Baseline data were collected on patient demographics,
treating neurologist’s examination, developmental history
as reported by family, and epileptologist’s reported patient
epilepsy characteristics. The baseline and postoperative
MRIs were obtained under standard clinical conditions as
described in Boerwinkle et al.8
MRI Sequence
Images were acquired on a 3T MRI scanner (Ingenuity;
Philips Medical Systems, Best, the Netherlands) equipped
with a 32-channel head coil. rs-fMRI parameters included rep-
etition time (TR) = 2,000 milliseconds, echo time (TE) =
30 milliseconds, matrix size = 80 × 80, flip angle = 80, num-
ber of slices = 46, slice thickness = 3.4mm with no gap, in-
plane resolution = 3 × 3mm, interleaved acquisition, and
number of total volumes = 600, two 10 minute runs totalling
20 minutes. For anatomical reference, a T1-weighted turbo
field-echo whole-brain sequence was obtained with the follow-
ing parameters: TR = 9 milliseconds, TE = 4 milliseconds, flip
angle = 8, slice thickness = 0.9mm, and in-plane resolution =
0.9 × 0.9mm.
Preprocessing
Analysis was carried out similar to Boerwinkle et al8 and
Mongerson et al18 using the FMRIB Software Library tool
MELODIC.19 Standard preprocessing steps were applied:
the first 5 volumes were deleted to remove T1 saturation
effects, high-pass filtering at 100 seconds, slice time cor-
rection, without spatial smoothing, and motion corrected
by MCFLIRT,20 with nonbrain structures removed. Time
courses were variance normalized. Individual functional
scans were registered to the patient’s high-resolution ana-
tomical scan using linear registration21 and optimized
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using boundary-based registration.22 All subjects had
<0.5mm head-motion displacement in any direction.
Independent Component Analysis
Overview. Independent component analysis (ICA) is a
mathematical process that analyzes the raw rs-fMRI signal
and separates it into detected oscillating subsignals. These
subsignals, called independent components (ICs), can repre-
sent either brain networks or noise. Sources of noise derive
from the MRI scanner, respiration, cardiovascular pulsation,
and cerebrospinal fluid (CSF) movement. Determining
what is noise from the brain networks is described in the
literature.8,23 Each brain network oscillates in its oxygen
concentration independently from the other brain net-
works, which makes major brain networks distinguishable
from each other. Furthermore, the normal time course of
this oscillation pattern is smooth and slow (Fig 1). In com-
parison, abnormal brain networks have faster and more
erratic blood oxygen level–dependent (BOLD) time courses
(see further detail below).8
The preprocessed BOLD sequences underwent mul-
tisession temporal concatenation. The total number of
detected ICs was determined using an established auto-
mated dimensionality estimate that utilizes a Bayesian
approach.24 As such, the threshold of the ICA was set by
the standard local false discovery rate for IC detection at
p < 0.05.24
rs-fMRI Interpretation
Two blinded reviewers (1 neurologist and 1 neurosurgeon)
viewed the ICA results and sorted the ICs into 3 catego-
ries—noise, resting-state network, and rs-fMRI SOZ—by
the criteria below. If disagreement occurred, discussion
between reviewers occurred with an attempt to come to a
consensus. If continued disagreement occurred, the plan
was to allow a third reviewer (a neurologist) make the final
determination.
rs-fMRI interpretation criteria and steps were as
follows:
1. Noise. Remove signal due to noise. IC meeting noise
criteria: spatially located over major blood vessels, CSF
spaces, outside of the brain tissue, or primarily located
within white matter; and temporal features consistent
with reported norms for noise - primarily > 0.073Hz,
and regular oscillation pattern such that the majority of
cycles have period changes no greater than half the
value of the period between cycles8,23,25,26; or spatial
distribution consistent with machine-generated artifact
such as skipping slices, or lack of respect for any ana-
tomical boundaries.23
2. Neuronal signal. Check that all remaining ICs are
consistent with neuronal pattern: primarily located
within gray matter and are either spatially consistent
with established resting-state network (RSN) or
undergo further inspection for a rs-fMRI SOZ.
FIGURE 1: This patient had frequent daily seizures preoperatively and was seizure free postoperatively. (A–C) MRI is radiologically
oriented. (A) Preoperative T2-weighted image shows focal cortical dysplasia (red arrow). (B1) Preoperative rs-fMRI overlayed on
preoperative MRI. Each color is a separate abnormal signal source. The rs-fMRI SOZ is the area of overlap of blue and red areas.
The green area is the downstream atypical connectivity. (B2) Same preoperative rs-fMRI, but now coregistered to the
postoperative MRI, for viewing in relation to area destroyed. Note that the red-colored signal extends beyond the surgically
destroyed area, but the area of overlap, considered the rs-fMRI SOZ, does not. (C) Postoperative rs-fMRI perilesional neuronal
signals, shown in teal, pink, and orange, are normalized. Shown below in the red-colored graphs are the corresponding abnormally
fast preoperative (B1) and normalized slow postoperative (C1) BOLD time courses. BOLD signal level (y-axis) is plotted against time
(x-axis, in seconds). BOLD = blood oxygen level–dependent; MRI = magnetic resonance imaging; rs-fMRI = resting-state functional
magnetic resonance imaging; SOZ = seizure onset zone. [Color figure can be viewed at www.annalsofneurology.org]
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3. Resting-state networks. RSNs must be spatially
located within the established anatomical regions.27,28
The expected detected RSNs are: primary sensory
motor networks located in bilateral face area, bilateral
leg area, and unilateral right- and left-hand regions;
language networks primarily located within left and
right inferior frontal gyrus, posterior–superior temporal
gyrus, posterior–superior temporal sulcus, posterior–
middle temporal gyrus, and supramarginal gyrus; parietal
networks primarily located within bilateral homologous
parietal gyri, frontal networks primarily located within
bilateral premotor, and homologous bilateral frontal
gyri; temporal networks primarily located within the
bilateral homologous anterior and posterior temporal
regions; visual networks located within the bilateral
homologous primary and secondary visual association
cortices; the default mode network located primarily
within the bilateral posterior cingulate gyrus, precuneus,
inferior parietal lobules, and medial prefrontal cortex;
and the deep gray networks located with the bilateral
putamen and bilateral mesial thalami.8 Normal RSNs
have slow frequency (<0.073Hz25,26) and regular oscilla-
tion rate (lack interruption from spikes such that change
in period is no greater than one-half the period value
between cycles).
4. Downstream RSN disruption. If an RSN is spatially
overlapping or contiguous with an rs-fMRI SOZ, and
oscillation frequency is >0.073Hz, then it meets
criteria for RSNs with downstream connectivity disrup-
tion. RSNs with downstream disruption may have
irregular oscillation features, but will be milder than
the frequency disruptions of its overlapping or contigu-
ous rs-fMRI SOZ (50% less change in period between
cycles than the rs-fMRI SOZ).
5. rs-fMRI SOZ. Identify preoperative rs-fMRI SOZ8 (see
criteria below). Incorporate results into surgical planning
by multidisciplinary team in conjunction with a clinical
battery of preoperative testing including standard elec-
troencephalogram (EEG), intraoperative EEG, positron
emission scan, magnetoencephalography, and/or single
photon emission computed tomography.
a. rs-fMRI SOZ spatial features
i. Must be primarily located within gray matter,
but not in RSN spatial pattern (see Figs 1–4 for
examples).
ii. May have a bullseye pattern: 2 or more spatially
overlapping abnormal neuronal IC (between 2 and
18 overlapping ICs per patient observed in Texas
Children’s Hospital and Phoenix Children’s Hos-
pital data), and may have surrounding and/or over-
lapping atypical RSN(s). If a bullseye pattern is
present, then the area of overlap between the
abnormal neuronal IC is considered the most
abnormal area and is the rs-fMRI SOZ (see Fig 4).
iii. May have alternating-activation deactivation pat-
tern (see Fig 3B3) that is not in typical noise
zones (such as arteries, veins, or outside brain),
nor detected only in a single slice, or alternating
slices or streaks in the phase encoding direction
(noise related to MRI sequence, echo-planar imag-
ing susceptibility, or multiband acceleration).23
iv. May have extension toward ventricles through
the white matter.
v. May have highly irregular boarders (see Figs 2–4).
b. rs-fMRI SOZ temporal features
i. Must contain frequency >0.073 Hz.
ii. If a downstream RSN is overlapping or spatially
contiguous, then the rs-fMRI SOZ must contain
a frequency greater than the RSN.
iii. May have irregular oscillation, such as with
sharply contoured bursts of irregular runs of
faster frequency than baseline with or without
gradual return to normal (period change greater
than half baseline period between cycles).
6. Multiple rs-fMRI SOZs. All rs-fMRI SOZs were
reported to the epilepsy team. rs-fMRI SOZs were
ranked relative to the individual’s other rs-fMRI SOZs
according to the rs-fMRI spatial features. The rs-fMRI
SOZ with the highest number of overlapping abnormal
neuronal ICs was considered the most abnormal rs-
fMRI SOZ. If no overlapping area was detected, then
the spatial feature severity rank went according to the
order of the remaining list as above (see iii–v). The sur-
gical epilepsy team was also informed of the ranking,
and they determined which rs-fMRI SOZ(s), if any,
would be targeted for destruction.
7. Postoperative rs-fMRI SOZ. Postoperative rs-fMRI
underwent analysis of steps 1 to 5.
8. Postoperative rs-fMRI normalization categoriza-
tion. Two blinded reviewers (1 neurologist and 1 neu-
rosurgeon) viewed the postoperative rs-fMRI results,
categorizing the rs-fMRI SOZ normalization for each
subject. If disagreement occurred, discussion between
reviewers occurred with an attempt to come to a con-
sensus. If continued disagreement occurred, the plan
was to allow a third reviewer (neurologist) make the
final determination.
a. No change.
i. Preoperative rs-fMRI SOZs remain detected in
the postoperative rs-fMRI and are either
unchanged in spatial or temporal features or do
not meet the criteria for improved but indicative
of continued epilepsy below.
b. Improved but indicative of continued epilepsy.
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i. Abnormal neuronal signal sources meeting rs-
fMRI SOZ criteria, but with >50% reduction in
frequency power spectrum above 0.073 Hz and
50% reduction in total number of overlapping
signal sources (if found prior) compared to pre-
operative rs-fMRI SOZs.
c. Substantial improvement.
i. Meets criteria b.i. above.
ii. And, no rs-fMRI SOZ with alternating activation–
deactivation pattern.
iii. And, if RSNs with downstream disruption
detected prior, then these remain detected but
FIGURE 2: This patient had daily visual auras and complex partial seizures despite prior surgery. (A–C) MRI is radiologically
oriented. (A) Preoperative T1-weighted image demonstrates prior left anterior lobectomy. (B1) Preoperative rs-fMRI overlayed
on preoperative MRI. rs-fMRI SOZ in the remaining left anterior temporal lobe, shown in red, has a downstream separate signal
source shown in blue in the vision area, potentially related to the patient’s frequent visual auras. Disconnection surgery by
stereotactic laser ablation was performed via 3 trajectories through inferior temporal gyrus, inferior portion of angular gyrus,
and lateral parieto-occipital junction. (B2) The same preoperative rs-fMRI, but now coregistered to the postoperative MRI, for
visualization next to area destroyed. The green crosshair denotes a representative area of surgical disconnection between the rs-
fMRI SOZ (red) and the downstream activity (blue). (C) Postoperative rs-fMRI normalized signal (light blue and dark blue)
overlayed on the postoperative MRI. Shown below, B1 and C1 graphs show abnormally fast preoperative and normalized slow
postoperative representative BOLD time courses. BOLD signal level (y-axis) is plotted against time (x-axis, in seconds). BOLD =
blood oxygen level–dependent; MRI = magnetic resonance imaging; rs-fMRI = resting-state functional magnetic resonance
imaging; SOZ = seizure onset zone. [Color figure can be viewed at www.annalsofneurology.org]
FIGURE 3: This patient had 2 to 5 seizures weekly. (A) Subtle FCD is in right parietal lobe (red arrows). (B1) Preoperative rs-fMRI SOZ
is the area of overlap (green crosshair) of the 2 abnormal signal sources (green and the other alternating blue/red) overlayed of
preoperative MRI. (B2) Same preoperative rs-fMRI coregistered to postoperative MRI. The initial operation targeted the visible FCD,
as shown, but not the rs-fMRI SOZ. There was no reduction in seizures postoperatively for 6 months. (B3) Original preoperative
rs-fMRI SOZ (green crosshair) coregistered to MRI done after second surgery. The second surgery did target the rs-fMRI SOZ. Patient
then become and remained seizure free at 12 months postoperatively. (C) Normalized final postoperative rs-fMRI (light blue and blue)
overlayed on final postoperative MRI. Shown below, B1 and C1 graphs show abnormally fast preoperative and normalized slow final
postoperative representative BOLD time courses. BOLD signal level (y-axis) is plotted against time (x-axis, in seconds). BOLD = blood
oxygen level–dependent; FCD = focal cortical dysplasia; MRI = magnetic resonance imaging; rs-fMRI = resting-state functional
magnetic resonance imaging; SOZ = seizure onset zone. [Color figure can be viewed at www.annalsofneurology.org]
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have at least 50% reduction in frequency power
spectrum.
iv. If neither criteria ii nor iii occurred, then catego-
rization remains improved but indicative of con-
tinued epilepsy.
d. Normalized.
i. rs-fMRI SOZ no longer detected.
ii. And, barring anatomical differences created from
surgery, residual detected spatial pattern matching
expected RSNs for spatial location.8
rs-fMRI Subgroup Analysis. Those patients with a hypo-
thalamic hamartoma received a secondary analysis
described in detail in Boerwinkle et al.29 The ICA results
were used to filter out noise, and a seed analysis (search-
light analysis [V.L.B.]) within the hamartoma was per-
formed both before and after surgery.29 The preoperative
rs-fMRI was registered to the postoperative image anatom-
ical MRI for visual inspection. The postoperative seed was
placed over the entire hamartoma and the entire region
was reanalyzed, voxel-by-voxel, for connectivity from the
HH to the rest of the brain grey matter. The primary
author (V.L.B.) interpreted the results, which were
checked by 2 neurosurgeons with extensive training in rs-
fMRI (J.S.R., V.R.D.). Any difference of opinion was
handled with a meeting among investigators. Each
patient’s full analysis was counted as a single non-
overlapping subject.
Surgical Methods
Both institutions’ epilepsy-surgery evaluation teams were
aligned in their methods of incorporating rs-fMRI into evalua-
tion and treatment. Each standardly acquire preoperative rs-
fMRI and incorporated the results along with all other testing
and patient demographics. At the team conference, the rs-fMRI
results influenced discussion of (1) patient appropriateness as a
candidate for surgery, (2) need for and location of intracranial
EEG, (3) selection of surgery type (neuromodulation vs
destructive; if destructive, then craniectomy vsMRI-guided ste-
reotactic laser ablation; and lesion destructive vs disconnective).
Additionally, at both institutions the surgeons were experienced
in surgically destroying rs-fMRI SOZs.
It is unknown to what extent rs-fMRI SOZs must
be destroyed to stop seizures. When intending to target
the rs-fMRI SOZs, the surgeons’ approach was to destroy
(or disconnect) as much of the rs-fMRI SOZs as possible,
taking safety, morbidity, and degree of invasiveness into
consideration. Surgical type (as delineated in number
3 above), and surgical intent (ie, to target and destroy as
much of the rs-fMRI SOZs as possible vs a palliative
approach in which the rs-fMRI is targeted but intention-
ally left more than 20% intact) were reviewed for analysis.
To determine postoperatively if the rs-fMRI SOZ was
destroyed or disconnected, the preoperative rs-fMRI SOZ
was coregistered to the postoperative structural image for
direct visualization. Two blinded neurosurgeons reviewed
FIGURE 4: This patient had neurodegenerative GSD IV, generalized dystonia, and daily complex partial seizures. (A) Preoperative
MRI shows stable left hemispheric atrophy and subtle left hippocampal tail thinning. (B1) Preoperative rs-fMRI SOZ (shown in red
and yellow) is the area of overlap of the red and yellow abnormal signal sources, denoted in orange coregistered to
preoperative MRI. (B2) Same preoperative rs-fMRI coregistered to postoperative MRI after stereotactic laser ablation of the left
hippocampus. (C) Postoperative patient-relative normalized perilesional activity (blue) extends from bilateral putamen to mesial
temporal areas, and includes motor cortex. Postoperative normal for this patient is similar to those reported with baseline
dystonia and related basal ganglia atypical connectivity. This demonstrates the importance of interpreting the whole-brain
rs-fMRI for reliable contextual interpretation, rather than a focused-SOZ-search approach.59 Shown below in the red-colored
graphs are the corresponding abnormally fast preoperative (B1) and normalized slow postoperative (C1) BOLD time courses.
BOLD signal level (y-axis) is plotted against time (x-axis, in seconds). BOLD = blood oxygen level–dependent; GSD = glycogen
storage disease type; MRI = magnetic resonance imaging; rs-fMRI = resting-state functional magnetic resonance imaging; SOZ =
seizure onset zone. [Color figure can be viewed at www.annalsofneurology.org]
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these images retrospectively. The instructions they received
were, “It is unknown to what extent SOZ must be destroyed
to stop seizures. Was the rs-fMRI SOZ targeted (yes or no)?
Was at least 80% of the rs-fMRI destroyed or disconnected?”
The ratings were reviewed for consistency, and if disagree-
ment occurred a third rater made the final determination.
Statistical Analyses
Baseline demographics and clinical factors were summa-
rized using count and percent for categorical variables, and
the mean and standard deviation or median and inter-
quartile range for quantitative measures. Postoperative rs-
MRI SOZ was classified into 4 categories indicating level
of improvement: none, some degree of improvement but
abnormalities indicative of continued epilepsy,8 substan-
tial, or normalized (as delineated under rs-fMRI Interpre-
tation above).
Similarly, postoperative seizure activity was classified
into 4 categories indicating level of seizure reduction: none,
≤50% reduction, >50% reduction but not seizure free, or sei-
zure free. The relationship between categories of postoperative
seizure reduction and rs-fMRI improvement was examined
using association (Fisher exact test) agreement (weighted κ
coefficient) and correlation (Spearman rank correlation coeffi-
cient) analyses.
To assess predictive ability, cases that were seizure free
and had rs-fMRI normalized were defined as true positives.
True negatives were defined as cases with limited seizure
reduction (none, ≤50%, or >50% but not seizure free) and
incomplete rs-fMRI improvement (none, some but still
abnormal, substantial). False positive cases included those that
were seizure free but rs-fMRI was not normalized, whereas
false negative cases included those that were not seizure free
but rs-fMRI was normalized. These values were used to esti-
mate sensitivity, specificity, positive predicted value, negative
predictive value, and accuracy, as well as corresponding 95%
confidence interval.
Further analyses examined the association of patient
and clinical factors with seizure reduction and rs-fMRI
normalization, using the Fisher exact or Kruskal–Wallis
test, as appropriate for the data distribution. To identify
factors relating to differences in agreement between post-
operative seizure reduction and rs-fMRI improvement, an
agreement variable was defined as greater seizure reduction
than rs-fMRI improvement, similar extent of seizure
reduction and rs-fMRI improvement, and greater rs-fMRI
improvement than seizure reduction.
Statistical analyses were performed using the soft-
ware package SAS version 9.4 (SAS Institute, Cary,
TABLE 1. Patient Characteristics (N = 64)
Age of epilepsy onset and surgery, mo, mean (SD) 22 (33), 117 (63)
Time of onset to surgery, mo, mean (SD) 95 (61)
Male, n (%) 37 (58)
Handedness, left, right, unknown, n (%) 31 (48), 28 (44), 5 (8)
Developmental history, n (%)
Normal 48 (75)
Developmental delay 15 (23)
Regression 1 (2)
Neurological exam deficit, n (%)
None 57 (89)
Motor-focal 4 (6)
Combined multiple types 2 (3)
Language impairment alone 1 (2)
MRI classification, n (%)
Negative 8 (12)
Positive 56 (88)
Primary etiology, n (%)
Hypothalamic hamartoma 23 (36)
Migrational defect 13 (20)
Familial epilepsy 3 (5)
Tuberous sclerosis 9 (14)
Genetic diagnosis 4 (6)
Mesial temporal sclerosis 3 (5)
Other (etiologies with only 1–2 patients) 13 (20)
Seizure semiology, n (%)
Generalized tonic clonic 12 (19)
Gelastic 16 (25)
Simple partial 27 (42)
Complex partial 13 (20)
Absence 3 (5)
Atonic 2 (3)
Seizure frequency, weekly average, median (Q1, Q3) 15 (7, 35)
Seizure duration, n (%)
<5 minutes, ≥5 minutes 25 (39), 4 (6)
Broad range, clusters, or indeterminate 35 (55)
No. of antiseizure medications, n (%)
≥1, but not further specified 44 (69)
2–3, ≥4 16 (25), 4 (6)
Surgery type, n (%)
Focal lesion directed 60 (94)
Nonfocal directed 4 (6)
MRI = magnetic resonance imaging; SD = standard deviation.
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NC).30 All statistical tests were 2-sided with significance
evaluated at the 5% level.
Results
Study subjects included 64 surgical cases among 58 unique
individuals (4 patients with 2 surgeries and 1 patient with
3 surgeries). Focus-directed tissue destructive surgery
occurred in 60 cases. The remaining 4 cases received either
neuromodulation via NeuroPace (Mountain View, CA;
1 patient), vagus nerve stimulation (1 patient), or palliative
disconnective surgery via a corpus callosotomy (2 patients).
The mean time from epilepsy onset to surgical inter-
vention was approximately 8 years, despite having, on aver-
age, intractable epilepsy from 22 months of age and
requiring more than 1 concurrent medication (Table 1).
Notably, 8 (12%) cases were nonlesional with a negative
anatomical MRI. The ICA approach, as described above,
provided robust detection of expected RSNs in all subjects.
Of those with repeat surgery, outcomes were con-
gruent between the rs-fMRI normalization and seizure
improvement, except in 1 case in which rs-fMRI normal-
ized, but seizures were <50% improved. There was only
1 vagal nerve stimulator case, and the rs-fMRI normaliza-
tion and seizure outcomes were congruent. No disagree-
ment occurred between rater outcome interpretations.
Review of 60 preoperative rs-fMRI coregistered to
postoperative structural imaging confirmed the rs-fMRI
SOZ was targeted or disconnected, with 2 exceptions.
Two cases did not have rs-fMRI SOZ destruction and cor-
respondingly did not have rs-fMRI normalization, but did
have seizure resolution (Table 2) and were considered false
positives. The surgeon planned a palliative approach in
9 patients, and these had destruction of the rs-fMRI, but
<80%. In 3 patients, the surgeon intended maximal rs-
fMRI SOZ destruction, with <80% destroyed. The
remainder had >80% rs-fMRI SOZ destruction.
The primary outcome measure, postoperative rs-fMRI
SOZ normalization and seizure improvement, demon-
strated significant positive correlation (see Table 2). Of
39 cases with postoperative rs-fMRI SOZ normalization,
TABLE 2. rs-fMRI SOZ Improvement Versus Seizure Reduction
rs-fMRI SOZ Normalization
Association pa
Weighted κ
Coefficient
(95% CI)
Spearman
Correlation
Coefficient (p)
None,
n = 2
Improved
but Still
Abnormal,
n = 10
Substantial,
n = 13
Normalized,
n = 39
Seizure reduction, n (%) <0.0001 0.71 (0.56–0.86) 0.83 (<0.0001)
No improvement, n = 4 0 (0) 4 (40) 0 (0) 0 (0)
Reduced ≤50%, n = 8 0 (0) 5 (50) 3 (23) 0 (0)
Reduced >50%, n = 11 0 (0) 1 (10) 9 (69) 1 (3)
Seizure free, n = 41 2 (100) 0 (0) 1 (8) 38 (97)
Percent seizure
reduction, mean (SD)
100 (0) 22 (28) 72 (28) 99 (4) <0.0001 — 0.82 (<0.0001)
ap value from Fisher test or Wilcoxon rank sum test. See Patients and Methods, rs-fMRI SOZ normalization for definition of improvement categories.
CI = confidence interval; rs-fMRI = resting-state functional magnetic resonance imaging; SD = standard deviation; SOZ = seizure onset zone.
TABLE 3. rs-fMRI Test in Relation to Seizure Disease
rs-fMRI SOZ Seizure Present n Seizure Absent n Total
Positive (not normalized) True positive 22 False positive 3 25
Negative (normalized) False negative 1 True negative 38 39
Total 23 41
rs-fMRI = resting-state functional magnetic resonance imaging; SOZ = seizure onset zone.
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38 (97%) became completely seizure free. In contrast, of
the 25 cases without complete rs-fMRI SOZ normalization,
only 3 (5%) became seizure free. Using binary classification
(Table 3), postoperative rs-fMRI SOZ normalization
showed high accuracy of 94%, as a test for seizure disease
presence, with similarly high sensitivity (96%) and specific-
ity (93%; Table 4).
There were 23 patients with postoperative seizures,
of whom 5 (22%) had either corpus callosotomy or
neuromodulation. The remaining 18 did have rs-fMRI
SOZ at least partially targeted. Twelve of the 18 (67%)
these had <80% rs-fMRI SOZ destruction, 9 of which
were palliative, and 3 were not. In the remaining 6, 4 had
hypothalamic hamartoma with resolution of all seizures
except occasional residual gelastic events or auras, 1 was
the rs-fMRI SOZ false positive already mentioned (had
bilateral MTS with left greater than right abnormal rs-
fMRI signals), and the last was an unexplained case of
forced normalization alternating with seizures and ongoing
rs-fMRI SOZ abnormalities. Thus, of these 23 still seiz-
ing, 6 (26%) did have ≥80% rs-fMRI SOZ destruction,
but only 2 (9% of those still seizing and 3% of the total
study population) had greater than the equivalent of auras
or occasional gelastic seizure.
Various configurations of rs-fMRI SOZ target, ana-
tomical lesion, area of operative destruction, and postoper-
ative rs-fMRI were seen. Representative examples of these
configurations are displayed in Figures 1–4. For example,
some preoperative rs-fMRI SOZs extended beyond a com-
paratively smaller anatomical lesion (see Fig 1). It was not
unusual to see an rs-fMRI SOZ extending far beyond a
prior surgical border, prompting the surgical plan to dis-
connect the remaining major rs-fMRI activation zone (see
Fig 2). In an even greater departure from expected, an rs-
fMRI SOZ could be found nearby but outside of the
structural lesion (see Fig 3). Highly complex cases (see
Fig 4), combining multiple structural pathologies and a
metabolic disorder, were encountered and yielded surgical-
plan–narrowing information.
The patient characteristics that correlated to rs-fMRI
SOZ normalization and seizure improvement were sex
and left hemispheric surgery (Supplementary Tables S1a,
S1b, and S2). Postoperative rs-fMRI SOZ normalization
occurred in significantly more females 21 (54%) relative
to males 18 (46%; p = 0.05) and higher similarity of sei-
zure and rs-fMRI improvement (p < 0.05).
Surgery in the left hemisphere was associated with
higher rs-fMRI SOZ normalization (p = 0.02, see Supple-
mentary Table S1b), seizure reduction (p = 0.007, see
Supplementary Table S2), and higher similarity of seizure
and rs-fMRI improvement (p < 0.05), which was unex-
pected. More predictably, surgery destroying or focally dis-
sconnecting the lesion, rather than neuromodulation or
corpus callosotomy, had greater seizure reduction and rs-
fMRI SOZ normalization (p = 0.02, see Supplementary
Table S2).
There was no significant difference between the rate
of seizure freedom in those with MRI positive (37 patients;
66% of 56) compared to MRI negative (4 patients; 50%
of 8; p = 0.09, Supplementary Table S3). Furthermore,
the mean age at epilepsy onset or length of time from
onset to surgical intervention was not associated with rs-
fMRI normalization or seizure improvement (p = 0.06,
0.09; see Supplementary Tables S1b and S2b).
Postoperative rs-fMRI improvement was consistent
with the extent of seizure reduction for 52 cases (see Sup-
plementary Table S3). rs-fMRI showed greater improve-
ment in 8 patients, whereas seizure reduction was better
in the remaining 4 patients.
Discussion
In a pediatric intractable epilepsy population, abnormal rs-
fMRI performed well as a biomarker of the epileptogenic
zone. Network-targeted surgery, in which the rs-fMRI
SOZ destruction was accomplished, is highly associated
with seizure resolution and rs-fMRI normalization. Fur-
thermore, a very high surgical seizure freedom rate
occurred in the rs-fMRI normalizers (97%).31–36 The per-
formance of this biomarker was independent of the pres-
ence of visible structural lesion, age of epilepsy onset, and
years of epilepsy-time prior to surgery. Sex and hemi-
spheric lateralization may play a role in surgery planning.
Seizure Foci Biomarker and Network-Targeted
Approach
The broad population of children with intractable epilepsy
have highly variable brain anatomy, localization of seizure
TABLE 4. rs-fMRI Normalization Diagnostic Test
Evaluation
Value 95% CIa
Sensitivity 22/23, 95.7% 78.1–99.9%
Specificity 38/41, 92.7% 80.1–98.5%
Positive predictive value 22/25, 88.0% 68.8–97.5%
Negative predictive value 38/39, 97.4% 86.5–99.9%
Accuracy 60/64, 93.8% 84.8–98.3%
aExact binomial 95% CI.
CI = confidence interval; rs-fMRI = resting-state functional magnetic
resonance imaging.
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foci, and brain networks. To perform well under these
conditions, a biomarker of seizure foci must capture a
highly associated physiological marker of epileptogenicity
and avoid localization assumptions.
rs-fMRI’s capacity to detect SOZ is likely due to the
epileptogenic zone’s energy drain of brain networks.37 rs-
fMRI is a measure of oxygen,38 the carrier of body’s
energy currency. Seizure energy requirements are far above
the basal level.37 The neurons generating seizures send
abnormal electrical activity to regions downstream in the
network.39 Thus, the epileptic network creates a pattern
of abnormal oxygen-dependent connectivity features radi-
ating outward from the epileptogenic bullseye zone. This
pattern of energy consumption is likely what allows differ-
entiation of rs-fMRI SOZ from downstream atypical con-
nectivity. rs-fMRI normalization may be an optimal
marker of effective rs-fMRI SOZ surgical destruction, and
is likely why it resulted in very high seizure resolution.
The bullseye epileptogenic center pattern detection is the
power of the whole-brain data-driven network-informed
surgical approach.
Even when other localization assumptions were
avoided, such as assuming the seizure onset zone is local-
ized to abnormalities visible on the anatomical MRI, con-
nectivity assessment performed well as a biomarker of
epilepsy resolution. rs-fMRI normalization showed equally
good association with seizure freedom in both the struc-
turally MRI-negative and MRI-positive cases. Further-
more, neither the type of lesion nor etiology of epilepsy
affected the surgical outcome in this series, in contrast to
prior reports.7,35 This indicates that rs-fMRI, analyzed by
ICA, may be reliable for SOZ detection. This network-
targeted approach leads to postoperative rs-fMRI SOZ
normalization, which correlates with seizure outcome.
Epilepsy Time
Age of onset and years of epilepsy-time prior to surgery
was not associated with rs-fMRI normalization or seizure
outcome, despite the finding in other similarly powered
surgical studies that demonstrated epilepsy time prior to
surgery as associated with poorer outcomes.7 The prior
authors attributed lack of postoperative rs-fMRI normali-
zation to poor neuroplasticity that is dependent on epi-
lepsy time.16 However, our findings indicate that this
decreased likelihood of rs-fMRI normalization may be due
more to lack of a network-targeted approach.
Network-targeted Surgery
Network-targeted-rs-fMRI-SOZ-destroying surgeries, rather
than neuromodulation or corpus callosotomy, had greater sei-
zure reduction and rs-fMRI SOZ normalization. Thus, it
appears that network-targeted surgery leads to resolution of
abnormal rs-fMRI SOZ–related signals. Yet, to what exact
extent rs-fMRI SOZ destruction must occur to lead to seizure
cessation remains unclear. In the present study, an arbitrary
approximate volume of ≥80% of the rs-fMRI SOZs was used
as a starting point to begin to define required extent of destruc-
tion. The hypothesized bullseye pattern of epileptogenicity
within the rs-fMRI SOZ implies that there is a smaller portion
of the rs-fMRI SOZ that may be the true epileptogenic zone.
Improvement in rs-fMRI acquisition and analysis methods
may lead to closer approximations of the true epileptogenic
zone. Future studies are needed to more exactly quantify the
extent of rs-fMRI SOZ destruction by volumetric analysis, and
disconnection by postoperative seed-based analysis of the
remaining rs-fMRI SOZ may lead to increased understanding
of how rs-fMRI relates to the true epileptogenic zone.
Sex
The trend in demand for precision medicine inspired a
deep dive into granular details of patient and surgical char-
acteristics associated with rs-fMRI normalization and better
surgical outcome, including gender differences. Previous
studies have shown gender differences in neurovascular risk
profiles, perfusion scans, and hormonal effects on neuronal
and vascular functioning.40,41 The gender differences in
neurovascular coupling, the basis of the rs-fMRI signal, are
prominent enough to differentiate between the different
genders.42,43 Our data suggest a trend that gender-related
rs-fMRI neurovascular coupling differences in surgery and
postoperative rs-fMRI in the female brain may lead to bet-
ter outcomes.
Effect of Laterality
In the present study, left-hemispheric surgeries appeared
to have better outcomes in network-targeted surgery. It is
likely that there are several confounding variables that
may play a role in this apparent association. Examples
include gender differences in brain organization,44
location-related influences in surgical methodology, differ-
ences in surgical treatment, and subhemispheric differ-
ences in rs-fMRI network detection attributes,45 which
may help inform future study design. It remains unclear
whether this was a true difference in this study and
requires further study to validate this finding.
Strengths
This is the first quantitative study examining pre- and
postoperative rs-fMRI as a biomarker of the epileptogenic
zone in a large pediatric intractable epilepsy population. It
is the first to quantify degree of network-targeting in rela-
tion to seizure outcomes. In addition, we demonstrated
that postoperative rs-fMRI has a high correlation with sei-
zure outcomes.
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A key strength of whole-brain rs-fMRI is that abnor-
malities are identified within the context of other pathologies
creating connectivity disruptions. This is well exemplified in
the patient (see Fig 4) with glycogen storage disease and gen-
eralized dystonia. After normalization of the rs-fMRI SOZ,
the postoperative rs-fMRI demonstrated the expected related
effects of dystonia in the basal ganglia and relative depression
of connectivity in the left hemisphere. Anticipating whole-
brain pathology in this complex population is challenging.
Thus, employing a data-driven whole-brain–informed tech-
nique allows for a richer context of the brain’s connectivity
profile, more clinically appropriate interpretation of results,
and avoidance of underinformed surgical planning.
Limitations
rs-fMRI ICA derives about 100 images (ICs) with associ-
ated time courses per individual, which must then be clas-
sified.8 Current automated classification schemes perform
relatively well in categorizing expected major RSNs.46,47
This study’s approach appears to be an improvement over
current top-down brain-network classifiers trained by data
from those with more normal brain function and anat-
omy, which have yet to demonstrate success in seizure
foci localization.46,48,49 Thus, similar to all currently
employed seizure localization techniques used for pres-
urgical evaluation,50 this strategy also relies on interpreter
determination of pathogenicity and clinical correlation,
and is therefore limited by the same levels and types of
subjective bias.51,52
Future Directions
Despite current limitations, seizure focus localization by
rs-fMRI holds the promise of further reducing interpreter
bias. Advancements have been made in image acquisition
and capacity to algorithmically sort images trained by a
constellation of image and patient features.53–55 It is
notable, though, that even the most advanced systems
currently rely on “classifier training using expert-hand-
labelled data.”47 Thus, it is unclear to what extent this
could improve upon expert interpretation. However,
such algorithms show promise in classifying disease states
in individuals.56,57
Difficulties with learning, cognition, depression,
or anxiety are well-recognized comorbidities of epilepsy.
Connectivity reorganization after seizure cessation may
have immediate and long-term improvements.58 Track-
ing the reorganization may reveal which connectivity
differences are contributory to ongoing cognition and
emotion-control pathology. The impact of this measur-
able postoperative effect on directing resources and
therapies may be high.
A biomarker of brain network normalization linked
to seizure freedom is needed to guide postoperative medi-
cation management, and should be studied in conjunction
with medication wean.
Conclusions
Network-targeted surgery, followed by postoperative rs-
fMRI SOZ normalization is highly predictive of seizure
freedom, with 94% accuracy, implicating the true biologi-
cal underpinnings of this test. The independance of this
technique’s performance from presence of visible MRI
lesion, highlights is lack of location bias in seizure focus
localization. rs-fMRI SOZ normalization may be influenced
by sex and hemispheric lateralization, thus may impact
risk–benefit surgical stratification.
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